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(57) ABSTRACT

A light intensity distribution converting device 1s formed by
a transparent body having a first curved surface, a second
curved surface, and an outer circumferential surface extend-
ing between the first and second curved surfaces. One of first
and second surfaces has a concave surface configuration and
the other has a convex surface configuration. Diverging light
1s made 1ncident to the first curved surface, for example. The
light intensity distribution of light made 1ncident to the body
from first curved surface i1s different from that of light
emerging the body from the second curved surface, due to
refractions at the first and second curved surfaces. The light
intensity distribution converting device can be used as a
collimator lens or an objective lens 1n an optical data storing
apparatus.

3 Claims, 18 Drawing Sheets
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ILLUMINATION DEVICE HAVING LIGHT
INTENSITY DISTRIBUTION CONVERTING
ELEMENTS

This application 1s a division of a prior application Ser.
No. 09/365,824, filed Aug. 3, 1999, now U.S. Pat. No.
6,356,395.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present 1invention relates to a light intensity distribu-
fion converting device which converts the intensity distri-
bution of 1ncident light to output the converted light, and to
an optical data storage apparatus using the same.

2. Description of the Related Art

An opfical system for an optical data storage apparatus
comprises a laser source, a collimator lens, and an objective
lens. In such a system, the diameter of a beam spot is
required to be small to enhance the density of an optical disc
apparatus, and an increase 1n the quantity of light 1s required
to improve the transmission speed.

To minimize the spot diameter in conventional optical
systems, attempts have been directed to an increase in the
numerical aperture NA of an objective lens or reduction of
the wavelength of the laser. However, an increase 1n the NA
of an objective lens tends to enhance aberrations. Shortening
of the laser wavelength relies upon an improvement of the
laser source proper and cannot be realized by improving the
optical disc apparatus. Also, the quantity of light can be
increased only by a realization of a higher power laser.

In optical theory, it 1s known that when condensing a
pencil of light, a pencil of light having a uniform light
intensity distribution can form a beam spot diameter smaller,
and close to the diffraction limait, than a pencil of light having
a Gaussian light intensity distribution. This effect 1s equiva-
lent to a provision of a spot diameter, using a laser whose
wavelength 1s shorter than that of the laser being used by
several tens of nm, for the objective lens of the same NA.

In general, since the light intensity on a wave front of the
pencil of light has a Gaussian distribution, the aperture of an
objective lens upon which the light 1s made incident is
restricted. Therefore, efforts have been made to minimize the
beam spot diameter by making only the light 1n the vicinity
of an optical axis, whose intensity distribution can be
considered approximately uniform, incident upon the objec-
five lens. In the attempts, naturally, no light outside the
aperture diameter 1s used, and therefore, the utilization
cficiency of light of the light source 1s reduced. If the
aperture diameter to be used 1s expanded to cover light
whose 1ntensity distribution cannot be considered uniform in
order to increase the light utilization efficiency, the beam
spot diameter will be then larger than that for the uniform
light 1ntensity distribution. As can be understood from the
foregoing, the uniformity of the light intensity is not com-
patible with the reduction of loss of the quantity of light.

A light intensity distribution converting device which
converts collimated light having a Gaussian intensity distri-
bution 1mnto collimated light having a uniform light intensity
distribution has been proposed in Japanese Patent Applica-
tion No. 10-57003 filed prior to the present application. This
light 1intensity distribution converting device can be disposed
between a collimator lens and an objective lens 1n an optical
disc apparatus which 1s comprised of a laser source, the
collimator lens, and the objective lens. The objective lens
receives parallel light beams having a uniform light intensity
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distribution, so that a small diameter of a beam spot can be
obtained. However, this light intensity distribution convert-
ing device 1s an additional element in the optical disc
apparatus.

Japanese Unexamined Patent Publication No. 63-188115
discloses a beam forming optical apparatus 1n which light
having a Gaussian light intensity distribution can be con-
verted to light having a uniform light 1ntensity distribution
by two lenses. In this prior art, the two lenses are constructed
so as not to satisty the sine condition. However, this requires
a small machining tolerance. Therefore, to reduce the
tolerance, one of the two lenses 1s designed to dissatisty the
sine condition and the other 1s designed to satisly the sine
condition. In this solution 1n which the light intensity
distribution 1s converted using spherical aberrations, a wave
front aberration is inevitably produced, and therefore, the
optical device cannot be used as a small optical element for
an optical disc apparatus or the like.

SUMMARY OF THE INVENTION

An object of the present invention 1s to provide a light
intensity distribution converting device which can convert a
orven light intensity distribution to a desired one, so that
wave front aberrations and the beam spot diameter can be
reduced, and also to provide an optical data storage appa-
ratus using the light intensity distribution converting device.

According to the present invention, there 1s provided a
light intensity distribution converting device comprising a
body having a central axis, a first curved surface transversely
extending with respect to the central axis, a second curved
surface transversely extending with respect to the central
ax1s, and an outer circumferential surface extending between
sald first and second curved surfaces, one of the first and
second curved surfaces having a concave surface configu-
ration at approximately a center portion thereof, the other
having a convex surface configuration at or near a center
portion thereof, at least one of incident light and emerging
light 1s diverging or converging light and the first and second
curved surfaces being formed such that the light intensity
distribution of incident light, due to refractions at the first
and second curved surfaces 1s different from that of emerg-
ing light while the light passes from the first curved surface
to the second curved surface.

Using this light intensity distribution converting device,
emerging light having a uniform intensity distribution can be
obtained from incident light having a Gaussian intensity
distribution. In an optical data storage apparatus according
to the present invention, the light intensity distribution
converting device 1s used as a collimator lens and/or an
objective lens. For example, 1f the light intensity distribution
converting device 1s used as a collimator lens for an optical
disc apparatus, the objective lens of the device receives light
having a uniform intensity distribution, so that a smaller
beam spot diameter can be obtained. If the light intensity
distribution converting device 1s used as an objective lens
for an optical storage apparatus, the objective lens has
functions to convert the light intensity distribution and to
condense the light.

BRIEF DESCRIPITION OF THE DRAWINGS

The present 1nvention will become more apparent from
the following description of the preferred embodiments,
with reference to the accompanying drawings, 1n which:

FIG. 1 1s a cross-sectional view of a light intensity
distribution converting device in accordance with a first
embodiment of the present invention;
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FIG. 2 1s a view of a light intensity distribution converting,
device similar to the light intensity distribution converting
device shown in FIG. 1 and showing a plurality of small
optical paths extending therethrough;

FIG. 3 1s an explanatory diagram showing the determi-
nation of shapes of first and second curved surfaces of a light
intensity distribution converting device;

FIG. 4 1s a view showing configurations of first and
second curved surfaces of a light intensity distribution
converting device;

FIG. 5 1s a view showing inclinations of first and second
curved surfaces of FIG. 4;

FIGS. 6A and 6B arc views 1llustrating the Law of sines
for a lens;

FIG. 7 1s a view showing an example of an optical disc
apparatus including the light intensity distribution convert-
ing device shown 1n FIGS. 1 and 2;

FIG. 8 1s a view showing another example of the optical
disc apparatus mcluding the light intensity distribution con-
verting device;

FIGS. 9A to 9C are views showing modified examples of
a light 1ntensity distribution converting device;

FIGS. 10A to 10C are views showing modified examples
of a light mntensity distribution converting device;

FIGS. 11 A and 11B are views showing modified examples
of a light mtensity distribution converting device;

FIGS. 12A to 12C show a modified example of a light
intensity distribution converting device;

FIGS. 13A and 13B are views showing an example of a
light 1ntensity distribution having different characteristics in
X-axis and Y-axis directions;

FIGS. 14Ato 14C are views showing a dif
of a light intensity distribution;

‘erent examples

FIG. 15 1s a view showing a modified example of a light
intensity distribution converting device;

FIG. 16 1s a view showing a modified example of a light
intensity distribution converting device;

FIG. 17 1s a view showing a modified example of an
optical disc apparatus;

FIGS. 18A and 18B are views showing a modified
example of an optical disc apparatus;

FIG. 19 1s a view of a modified example of an optical disc
apparatus; and

FIG. 20 1s a view showing a lighting apparatus including
a light 1ntensity distribution converting device.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Preferred embodiments of the present mnvention will now
be explained below. FIG. 1 shows a first embodiment of the
light intensity distribution converting device 10 according to
the present mvention and FIG. 2 shows a light intensity
distribution converting device 10 similar to the light mten-
sity distribution converting device 10 shown 1 FIG. 1 and
a plurality of small optical paths extending therethrough.

In FIGS. 1 and 2, the light intensity distribution convert-
ing device 10 comprises a transparent body 14 having a
central axis 12. The body 14 i1s made of a transparent
material, such as glass, having an 1sotropic refractive index.
The body 14 has a first curved surface 16 transversely
extending with respect to the central axis 12, a second
curved surface 18 located on the side opposite to the first
curved surface 16 and transversely extending with respect to
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the central axis 12, and an outer circumferential surface 20
extending between the first curved surface 16 and the second
curved surface 18.

In FIGS. 1 and 2, point A represents a radiation point,
point B represents an incident point of light onto the first
curved surface 16, and point C represents a light emerging
point on the second curved surface 18. In these figures, the
Z-axis passing through the point A defines the optical axis
directions and the Y-axis and the X-axis correspond to
directions parallel to and perpendicular to the sheet of the
drawing, respectively. T designates the thickness of the light
intensity distribution converting device 10 on the optical
axis, and L designates the length of a specific optical path 1n
the light 1intensity distribution converting device 10. Point A
can be, for example, a laser, which radiates diverging light
having Gaussian light intensity distribution 22 which 1s in
rotation-symmetry with respect to the Z-axis. The light
intensity distribution converting device 10 1s an optical
device, having a rotation—symmetric shape regarding the
Z-axis, and a refractive index n. In FIG. 2, a flat plate 26
whose refractive 1index 1s n' 1s disposed perpendicularly to
the Z-axis and between the radiation point A and the light
intensity distribution converting device 10. The flat plate 26
can be used as a glass cover for the laser.

The first curved surface 16 1s defined by a generally
shallow rounded concave surface and the second curved
surface 18 1s defined by a generally rounded convex surface.
The inclinations of the first and the second curved surfaces
16 and 18 are O at the center of the body 14, and gradually
increase with the measuring points moving from the center
of body to the radially outer portion thereof, and reach
certain values and then gradually decrease. Namely, the first
and the second curved surfaces have inilection points on
their inclinations. (see FIG. § which will be discussed
hereinafter).

In the light intensity distribution converting device 10, the
light intensity distribution of light emitted therefrom 1is
different from that of light made incident thereupto, due to
refractions of light caused at the first curved surface 16 and
the second curved surface 18. In the embodiment, diverging
light having a Gaussian light intensity distribution 22 1is
made incident to the body 14 at the first curved surface 16,
and passes through the body 14. The light emerges the body
14 from the second curved surface 18 as parallel light having,
a uniform light mtensity distribution 24.

The mclination of the second curved surface 18 is deter-
mined such that the light emerging the body from the point
C travels 1n parallel with the Z-axis. The optical path
lengths, taken for small optical paths of the light from the
radiation point A to the surface 28 which lie 1n a plane
perpendicular to the Z-axis and which i1s located beyond the
point C are 1dentical to each other. Consequently, this light
intensity distribution converting device 10 not only converts
the light intensity distribution at the point A, but also serves
as a collimator lens.

Wa represents the aperture diameter of incident light upon
the light mtensity distribution converting device 10, and Wb
represents the aperture diameter of the light emerging there-
from. An emerging angle for the incidence aperture diameter
Wa at the point A 1s indicated by 0. Upon designing the light
intensity distribution converting device 10, the total quantity
of light Q within the incidence aperture diameter Wa (within
the emission angle 0) for diverging light having a Gaussian
light intensity distribution 22 i1s obtained. Since the total
quantity of incident light is equal to the total quantity of
emission light, and since the emission light has a uniform
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light mtensity distribution, we have the following equation
where I, represents the intensity of the emitting light:

Q= xm(Wb/2)*

In other words, the intensity I, of the emitting light can be
obtained by dividing the total quantity of light in the
incidence aperture diameter Wa by a required emission
aperture area. The uniform light intensity distribution makes
it possible to maximize the light utilization efficiency.

The design of the first and the second curved surfaces 16
and 18 will be explained below. For the incident light,
quantities of the light Q,, Q,, ~Q, of concentric areas of A
I,, AL, ~A I, having an 1dentical center which are formed
by dividing the radiation angle 0, for example, by k 1nto 0/k,
are obtained. Thereafter, concentric arecas A O,, A O,,~A O,
having an identical center, which have the same light quan-
fities as Q,, Q,, ~Q, respectively, are obtained for the
emission light. Hence, the radius r, of the areca A O, of the
emission light corresponding to the area A I, of the incident
light is obtained from the equation of Q,=I,xm(r’k-r’k-1)

FIG. 3 1s an enlarged partial view of FIGS. 1 and 2. The
flat plate 26 shown 1n FIG. 2 1s omitted 1n FIG. 3. It 1s
apparent that 1f 1t were present, the calculation below could
be carried out likewise, taking the flat plate 26 into consid-
eration. First, the distance F between the radiation point A
and the light intensity distribution converting device 10 and
the thickness T of the light intensity distribution converting
device 10 are set, based upon stored data and tests. A straight
line 30 1s drawn from the radiation point A at an angle of 0/k
with respect to the cenftral axis 12, and the intersection
between the straight line 30 and a line 32 perpendicular to
the central axis 12 at the distance F 1s defined as B,. The
intersection between a line 34 perpendicular to the central
axis 12 at the distance F+T and a straight line 36 corre-
sponding to the radius r, 1s defined as C,. A line 38
connecting the point B, and C; 1s drawn.

The inclination 16, of a micro part of the first curved
surface 16, which passes through the point B, 1s determined
so that the optical path of the mncident light corresponds to
the line 30, and the optical path of the refracted light
corresponds to the line 38. Thereafter, the inclination 18, of
a micro part of the second curved surface 18, which passes
through the point C,, 1s determined so that the optical path
of the incident light corresponds to the line 38, and the
optical path of the refracted light corresponds to the line 36
and 1s parallel with the central axis line 12.

Next, in the same manner as the previous calculation,
points B, and C, are determined by drawing a line 40 from
the radiation point A at an angle 2 0/k with respect to the
central axis line 12, and drawing a line 42 corresponding to
the radius r,+r,, respectively. Thereafter, a line 44 connect-
ing the points B, and C, 1s drawn. Thus, the inclination 16,
of a micro part of the first curved surface 16, which passes
through the point B,, and the inclination 18, of a micro part
of the second curved surface 18, which passes through the
point C,, are determined. It should be noted here that the
point B, 1s not always located on the line 32, and should be
located so as to smoothly connect the inclination 16, and the
inclination 16,. Likewise, the point C, 1s determined so that
the inclination 18, and the inclination 18, are smoothly
connected. Consequently, the shapes of the first curved
surface and the second curved surface can be determined by
repeating the above-mentioned calculations.

The distance F between the radiation point A and the light
intensity distribution converting device 10 and the thickness
T to be predetermined can be calculated, based on the
conditions on identical optical path length (to the surface 28
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normal to the Z-axis) for light beams having different
radiation angle; the inclination at the point C, at which
emission light 1s collimated; and smoothly connected curved
surfaces on the B and C sides. In order to meet desired
conditions more appropriately, 1t 1s possible to perform
calculations 1n which the distance F and thickness T thus
obtained are changed.

The result thus obtained i1s shown 1n FIG. 2, by way of
example, with the optical path for each micro radiation
angle. On the emerging side of the second curved surface 18,
the distance between the central beams 1n the vicinity of the
optical axis 1s large and that between the peripheral beams
1s small. The shape of the light intensity distribution con-
verting device 10 varies considerably depending on the
distance F between the radiation point A and the device 10,
the thickness T of the device 10, and the emission aperture
diameter Wb. This will be explained later referring to FIGS.
9 to 12.

FIG. 4 shows the shape of the first and second curved
surface 16 and 18 of the light intensity distribution convert-
ing device 10 shown 1n FIG. 2. The radius represents the
position 1n the X-axis or the Y-axis direction. In FIG. 5, the
inclinations of the first and second curved surfaces 16 and 18
in FIG. 4 are plotted. These figures show that the first curved
surface 16 has an inflection point P of the inclination and the
second curved surface 18 has an inflection poimnt Q of the
inclination. Also, the inilection points P and Q are indicated
at P and Q 1 FIG. 4. In the light intensity distribution
converting device 10, which receives divergent light and
emits collimated light and which converts the light intensity
distribution, the first and second curved surfaces 16 and 18
have the inflection points P and Q of the inclination respec-
fively. In embodiments which will be explained hereinatter,
the first and second curved surfaces 16 and 18 have inflec-
tion points of inclination. In an alternative arrangement of
the present invention, the body 14 can be formed to have a
refraction distribution, instead of the surface configuration
having inflection points of inclination.

FIGS. 6A and 6B show the law of sines for lens. In FIG.
6A, the Z-axis represents the optical axis direction. Light,
emitted from the point A on the Z-axis at the emission angle
0,, enters an element 46 at the point B. The light 1s refracted,
deflected and transmitted through the element 46 by the
distance L, and 1s refracted and deflected at the point C and
emitted therefrom. The light 1s thereafter converged onto the
point D on the Z-axis at angle 0,. Here, the point A 1s the
object focal point and the point D 1s the 1image focal point.

If the light intensity distribution of the light radiated at the
point A 1s symmetric with respect to the Z-axis, the light
intensity distribution of the emission light can be converted
to be different from that of the incident light by continuously
changing the lateral magnification of light beams radiated at
different angles 0,. The lateral magnification 3 1s obtained
from following equation,

Pp=(n sin 0,)/(n' sin 0,)

where, n represents the refractive index of the medium upon
which light 1s incident and n' represents the refractive index
of the medium from which light 1s emitted. Conventionally,
the collimator lens has been produced to satisly the sine
conditions. In the present invention, the light intensity
distribution converting device 10, which can be used as a
collimator lens, 1s intentionally prepared so as not to satisly
the sine conditions.

As shown 1n FIG. 6B, 1if the object point 1s infinite, the
focal length f 1s obtained by the following equation,

f=h/(n' sin 0,)
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where, h designates the height of the incident light parallel
to the Z-axis. The light intensity distribution of the emission
light different from that of the incident light can be obtained
by changing the values of h/sin O, at the image point. In
cither case, the distance L. and the refractive angle at the
points C and B are selected and the surface of the element
1s continuous, so that a difference 1n the optical length of
light beams emitted from the object point at different angles
between the object point and the 1mage point i1s not larger
than the Rayleigh’s limit.

The light intensity distribution converting device 10 of the
present 1nvention can convert a given light intensity distri-
bution 1nto an optional continuous light 1ntensity
distribution, so that the wave front aberration caused by an
axial misalignment or a manufacturing error, such as an
irregular thickness, can be reduced. Also, if the device 10
has a lens function, i1t can be used as a collimator lens and,
hence, the number of the elements of an optical apparatus
can be reduced. If the body 14 of the light intensity distri-
bution converting element 10 1s designed to have an 1sotro-
pic refractive index, the body can be formed to be sym-
metrical with respect to the optical axis. Since the light
intensity distribution 1s converted by the refraction, the light
absorption or reflection loss can be minimized. As the light
path length of the light beams 1s 1dentical, the spot diameter
can be reduced up to the diffraction limit.

FIG. 7 shows an optical disc apparatus 50 including the
light mtensity distribution converting device 10 shown 1n
FIGS. 1 and 2. The optical disc apparatus 50 1s provided
with a laser source 52, a collimator lens 54, and an objective
lens 56. The collimator lens 54 consists of the light intensity
distribution converting device 10 explained referring to
FIGS. 1 to 3. The advantages expected from this arrange-
ment are as mentioned before. Typically, the laser source 52
radiates diverging light having a Gaussian light intensity
distribution. The laser, radiated from the laser source 52, 1s
converted to collimated light having a uniform light 1nten-
sity distribution by the collimator lens 54 consisting of the
light intensity distribution converting device 10. The light 1s
thereafter condensed and made 1incident upon the disc 58 by
the objective lens 56. Consequently, the objective lens 56
can scan the disc 38, using a larger quantity of light of a
smaller spot diameter.

FIG. 8 also shows an optical disc apparatus 50 including
the light intensity distribution converting device 10. The
optical disc apparatus 50 1s provided with the laser source
52, the collimator lens 53, and the objective lens 56. The
objective lens consists of a light intensity distribution con-
verting device 10 which will be discussed hereinafter. The
objective lens 56 can scan the disc 538 with a larger quantity
of light of a smaller spot diameter.

FIGS. 9A to 12C show modified embodiments of the light
intensity distribution converting device 10 shown 1n FIGS.
1 to 3. These examples show various shapes of the light
intensity distribution converting device 10 when the distance
F between the radiation point A and the light intensity
distribution converting device 10 and the thickness T thereot
were changed. FIGS. 9A to 9C show shapes of the light
intensity distribution converting device 10 when the distance
F was changed, while the thickness T was constant. The
thickness of the flat plate 26 was 1 mm. The shape of the
light intensity distribution converting device differs depend-
ing on the distance F between the radiation point A and the
device 10. The shorter the distance F, the larger the curva-
tures of the first and second curved surfaces 16 and 18.

FIGS. 10A to 10C show various shapes of the light

intensity distribution converting device 10 when the thick-
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ness T was changed while the distance F was constant. The
thickness of the flat plate 26 was 1 mm. The shape of the
light intensity distribution converting device differs depend-
ing on the thickness T of the light intensity distribution
converting device 10. The curvatures of the first and second
surtaces of 16 and 18 increase as the thickness T decreases.
FIGS. 11A and 11B show examples 1n which the aperture
diameters Wb of the light emitting therefrom were different,
while the distance F between the radiation point A and the
light intensity distribution converting device 10 and the
thickness T thereof were constant. In these examples, F was
8.0 mm and T was 3.5 mm. The aperture diameter Wbl of
the emission light 1n FIG. 11A was 3 mm, and the same Wb2
in FIG. 11B was 4 mm. Note that, half angles o with respect
to the aperture diameter Wa of the incident light at the
radiation poimnt A were both 18 degrees. Also, 1n the
examples shown 1n FIG. 9 and FIG. 10, the half angles «
were 18 degrees. As can be seen from the foregoing, since
the light intensity distribution converting device 10 has a
freedom 1n shape to some extent, an optimum shape light
intensity distribution converting device 10 according to the
requirements of dimensional precision or an optical system
to be used together therewith can be obtained.

FIGS. 12A to 12C show different examples of the light
intensity distribution converting device 10. FIG. 12C shows
the emission characteristics at the radiation point A. In this
embodiment, the light radiated from the point A has an
clliptic light mtensity distribution in which the X-axis
defines the major axis and the Y-axis defines the minor axis.
If the radiation aperture diameters Wbl and Wb2 1n the
X-axis direction and in the Y-axis direction are equal, the
cross sectional Shape of the light intensity distribution
converting device 10 1n the X-axis direction shown 1n FIG.
12A 1s different from that in the Y-axis direction shown 1n
FIG. 12B. Thus, collimated light having a perfect circular
uniform light intensity distribution can be obtained from the
incident light having an elliptic light intensity distribution.

In FIGS. 13A and 13B, in case of the light at the radiation
point A having an elliptic light intensity distribution, the
light 1ntensity distribution in the X-axis direction can be
different from that in the Y-axis direction by making the
shape of the light intensity distribution converting device 10
rotation-symmetrical with respect to the Z-axis. For
example, as shown in FIG. 13A, while the light intensity
distribution 1in the X-axis direction 1s uniform, that in the
Y-axis direction 1s of a dome. As shown 1 FIG. 13B, the
light intensity distribution 1n the Y-axis direction 1s uniform,
but that 1n the X-axis direction 1s 1n the shape of bowl.

FIGS. 14A to 14C show examples of a variety of con-
verted light imntensity distributions. A cylindrical uniform
light intensity distribution is shown 1n FIG. 14A. A light
intensity distribution having a combination of a cylinder and
a cone, mn which the intensity 1s high particularly at the
center thereof 1s shown 1 FIG. 14B. A conical light intensity
distribution 1s shown 1n FIG. 14C. In the present invention,
the light intensity distribution converting device 10, which
can emit light having various light mtensity distributions,
can be obtained.

In the above mentioned embodiments, the light intensity
distribution converting device 10 has been applied to a
collimating type element which converts the diverging light
having a Gaussian light intensity distribution on the wave
front mto the collimated light having a uniform light 1nten-
sity distribution. The light intensity distribution converting
device 10 shown 1n FIG. 15 1s an objective lens type element
which converts collimated light having a Gaussian light
intensity distribution on the wave front into the converging
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light having a uniform intensity distribution on the wave
front. This type of the light intensity distribution converting
device 10, which also can be manufactured in the same
process as explained referring to FIGS. 1 to 3, can be used
as an objective lens 56 shown 1n FIG. 8.

In the aforementioned embodiments, the shape of the
device shape 1s determined so that the wave front aberration
1s less than the Rayleigh’s limait. It 1s apparent that the light
intensity distribution converting device can be applied to an
optical system 1n which the beam spot diameter 1s not
reduced to the diffraction limit. Though the light intensity
distribution converting device 10 1s made of a single piece
in the above mentioned embodiments, it 1s possible to make
the light 1ntensity distribution converting device 10 of two
(or more) elements 10a, 105 as shown in FIG. 16. In this
alternative, the total thickness T of the device 10 1s relatively
large to restrict the wave front aberration, but the thickness
of each element 10a (10b) can be small, thus resulting in
casy production of the device. Also, 1t 1s possible to mini-
mize the production error by forming one side of each
clement 10a, 10b flat, and to minimize the assembling error
by utilizing of the aberrations caused by the flat surfaces.
Additionally, changing the distance between the two ele-
ments 10a, 10b can change the light intensity distribution.

FIG. 17 shows an embodiment of an optical disc appa-
ratus 50 comprised of a light source 52, a collimator lens 54
made of the light intensity distribution converting device 10,
and an objective lens 56. The latter 1s supported by a holder
56a. In this embodiment, the objective lens 56 1s disposed
within the collimated light, having a uniform light intensity
distribution, emitted from the collimator lens 54 (the light
intensity distribution converting device 10). Therefore, even
if the position of the objective lens 56 1s deviated as
indicated by 56', as long as the positional deviation of the
aperture diameter (Wo) occurs within the aperture diameter
Wb of the light emitting from the device 10, a predetermined
quantity of light having a uniform light intensity distribution
can be always made incident upon the objective lens 56.
Consequently, the objective lens 56 can emit a predeter-
mined quantity of light of a small spot diameter. Require-
ments on the precision of assembling the optical system and
drive seeking accuracy of the objective lens 56 can be
considerably eased.

FIGS. 18A and 18B shows another embodiment of an
optical disc apparatus 50 provided with the light source 52,
the light intensity distribution converting device 10, the
collimator lens 54, and the objective lens (not shown in the
figure). In this embodiment, the light intensity distribution
converting device 10 1s disposed between the light source 52
and the collimator lens 54, and converts NA or the divergent
angle of the mncident light and modifies the light intensity
distribution.

In FIG. 18A, the light intensity distribution converting,
device 10 1s arranged so that the diverging light, which
enters the light intensity distribution converting device 10, 1s
emitted therefrom at an increased divergent angle. In FIG.
18B, the light 1ntensity distribution converting device 10 1s
arranged so that the diverging light, which enters the light
intensity distribution converting device 10, 1s emitted there-
from at a reduced diverged angle.

The focal length of the collimator lens 54 is represented
by I. In many cases, the distance between the light source 52
and the collimator lens 54 cannot be shortened to provide a
necessary axial accuracy. However, in the arrangement
shown 1in FIGS. 18A and 18B, the quantity of light which
can be received by the collimator lens 54 can be increased,
as 1f the distance between the light source 52 and the
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collimator lens 54 were shortened. Consequently, the utili-
zation efficiency and the beam spot diameter can be
improved.

FIG. 19 shows an embodiment of the optical apparatus 50
comprised of a light source 52 (radiation point A), a trans-
parent plane-parallel plate 27, a collimator lens 54 (the light
intensity distribution converting device 10), and an objective
lens (not shown). In this embodiment, the plane-parallel
plate 27, disposed between the light source 52 and the
collimator lens 54, is tiltable with respect to the optical axis.
A wave front aberration produced at the imaging point
located behind the objective lens can be corrected by tilting
the plane-parallel plate 27.

If the correct position of the radiation point A 1s A, and
the correct position of the plane-parallel plate 27 1s 27', the
deviation of the radiation point A increases the wave front
aberration caused at the imaging point located behind the
objective lens. To prevent this, the wave front aberration
produced at the imaging point after the objective lens 1s
corrected by tilting the plane-parallel plate 27 to adjust the
deviation in the optical path length, according to the posi-
tional deviation of the point A.

FIG. 20 shows an embodiment of a lighting apparatus 60
using a light source 62 and the light intensity distribution
converting device 10. In this embodiment, the light source
62 composed of light emitters, such as light emitting diodes,
1s a two-dimensional arrangement, and the light intensity
distribution converting devices of a honeycomb shape are
arranged corresponding to the light emaitters. Each light
intensity distribution converting device 10 receives diverg-
ing light from the light emaitters, and outputs light having a
uniform light intensity distribution. Since many light inten-
sity distribution converting devices are disposed 1n a plane,
light having a uniform distribution can be emitted from the
same plane. Consequently, the lighting apparatus can be
used for, for example, a backlight of a display and can
increase the illuminance 1n a given direction without light
quantity loss. Also, because the light which 1s converged by
a lens, etc., does not exhibit a scattered point distribution
owing to a uniform light intensity distribution, this lighting
apparatus can be used when an LED array or the like 1s used
for a lighting device for a microscope.

As explained heretofore, 1n the present invention, a light
intensity distribution converting device, which can convert
an optional light intensity distribution into a desired one, can
reduce wave front aberrations and can increase the freedom
of design of the beam condensing performance or the spot
shape. The device produces strong light and can reduce a
loss 1n the quantity of light. Also, the light intensity distri-
bution converting device can be used 1n place of a collimator
lens which collimates diverging light, or an objective lens
which converts collimated light into converging light, and
hence not only can the wave front aberrations be restricted
but also the shape of a beam spot can be reduced without
increasing the number of elements 1n the optical apparatus.

What 1s claimed 1s:

1. An illumination device comprising:

a plurality of two-dimensionally arranged light sources;
and

a plurality of light distribution converting elements
arranged to receive light from said light sources,
respectively;

wherein each of said light intensity distribution convert-
ing elements comprises:

a body mcluding a first curved surface extending trans-

versely of a central axis, a second curved surface

extending transversely of the central axis, and an
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outer circumferential surface extending between said
first curved surface and said second curved surface;

one of said first and second curved surfaces having a
concave surface configuration at approximately a
center portion thereof; and

the other having a convex surface configuration at
approximately a center portion thereof,

wherein said body 1s constructed such that the incident
light with a Gaussian light intensity distribution is
converted 1nto an emerging light with an approxi-
mately uniform light intensity distribution, due to
refraction of light caused while the light passed from
the first curved surface to the second curved surface,
and

wherein an objective lens 1s arranged as the light
intensity converting element.

2. An 1llumination device comprising:

a plurality of two-dimensionally arranged light sources;
and

a plurality of light intensity distribution converting ele-
ments arranged to receive light from said light sources,
respectively;

wherein each of said light intensity distribution convert-
ing elements comprises:

a body including a first curved surface extending trans-
versely of a central axis, a second curved surface
extending transversely of a central axis, and an outer
circumferential surface extending between said {first
curved surface and said second curved surface;
one of said first and second curved surfaces having a
concave surface configuration at approximately a
center portion thereof; and

the other having a convex surface configuration at
approximately a center portion thereof,

wherein said body 1s constructed such that the mcident
light with a Gaussian light intensity distribution 1s

10

15

20

25

30

35

12

converted 1nto an emerging light with an approxi-
mately uniform light intensity distribution, due to
refraction of light caused while the light passed from
the first curved surface to the second curved surface,
and

wherein a collimator lens 1s arranged as the light
intensity converting element.

3. An illumination device comprising:

a plurality of two-dimensionally arranged light sources;
and

a plurality of light intensity distribution converting ele-
ments arranged to receive light from said light sources,
respectively;

wherein each of said light intensity distribution convert-
ing elements comprises:

a body including a first curved surface transversely
extending with respect to a central axis, a second
curved surface transversely extending with respect to
the central axis, and an outer circumferential surface
extending between said first curved surface and said
second curved surface;

one of said and second curved surfaces having a
concave surfaces configuration at approximately a
center portion thereof; and

the first and second curved surfaces being formed such
that a light intensity distribution of incident light 1s
different from that of emerging light, due to refrac-
tion caused while the light passes from the first
curved surface to the second curved surface;

wherein the arrangement 1s such that diverging light
with a Gaussian light intensity distribution i1s con-
verted into parallel light which has such a light
intensity distribution that intensity 1s lower at the
central portion and 1s higher at the peripheral por-
tion.
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